Patients with diabetes type 2 have an increased risk for cardiovascular disease and commonly use combination therapy consisting of the anti-diabetic drug metformin and a cholesterol-lowering statin. However, both drugs act on glucose and lipid metabolism which could lead to adverse effects when used in combination as compared to monotherapy. In this review, the proposed molecular mechanisms of action of statin and metformin therapy in patients with diabetes and dyslipidemia are critically assessed, and a hypothesis for mechanisms underlying interactions between these drugs in combination therapy is developed.
Background
Type 2 diabetes mellitus (T2DM) and cardiovascular diseases are common medical conditions that are often found comorbid with each other. T2DM is a metabolic disorder characterized by increased plasma glucose concentration (hyperglycemia) caused by persistent insulin resistance, and progressive β cell failure. Insulin resistance is a normal reaction of the body to cope with an excess of circulating triglycerides. Normally, food intake causes only a transient insulin resistance, but currently the excess of energy intake in humans in many regions of the world is almost constant causing sustained insulin resistance leading to T2DM often in combination with dyslipidemia.
Metformin is used as first line treatment of T2DM due to its primary pharmacological effect of controlling disturbed glucose metabolism [1] . Interestingly, despite its longstanding and widespread use, the molecular mechanism via which the drug acts is still a matter of considerable controversy as it additionally influences lipid/cholesterol pathways. Dyslipidemia (or diabetic dyslipidemia when diagnosed in T2DM patients) is an abnormality in lipid metabolism; i.e. quantitatively observed in abnormalities in blood lipids including increased triglycerides (TG) and low-density lipoprotein (LDL-C) and a decreased high-density lipoprotein cholesterol (HDL-C) concentration [2] . These disturbances are established risk factors in the development of atherosclerosis [3] . Metformin treatment double dose (500-750 mg/day) given to T2DM patients showed after 12 weeks a decreased central blood pressure suggesting a beneficial influence on cardiovascular disease [4] . Table 1 (Supplementary) shows recent articles related to diabetic dyslipidemia. Statins are prescribed as first choice treatment for (T2DM) patients with dyslipidemia, because of their impressive LDL-C lowering effects. Dyslipidemia and insulin resistance are potential risk factors for myocardial infarction [5] . Therefore, it is also important to initiate statin therapy in diabetic patients without known cardiovascular disease [5] . Paradoxically long-term statin therapy when given as monotherapy to dyslipidemic patients is associated with increased incidence of T2DM [6, 7] . Both metformin and statins thus act on glucose-as well as lipid metabolism which is why metformin-statin combination therapy is prescribed to many T2DM patients. However, the therapeutic effects of different doses of statin and metformin given in combination have not been thoroughly and systematically investigated. Since both drugs act on glucose as well as lipid metabolism, it is important to understand in detail the interactions between metformin and statin action on metabolism to be able to design treatments with optimal safety/efficacy profiles The aim of this article is therefore to provide insight in the molecular mechanism of statin/metformin interaction which can help to determine an optimal dosing strategy of both drugs.
Antidiabetic drug metformin and the potential mechanisms by which it may affect lipid metabolism
Metformin, discovered in 1922, came on the market as late as 1979 [8] . It belongs to the biguanide class of drugs, and is a derivative from guanidine found in Galega officinalis. Metformin is available in different formulations including immediate-release metformin, extendedrelease metformin [9] , and delayed-release metformin [10] . The latter two forms were developed to expand the absorption of metformin along the gut (Table 2) . Administration of metformin 30 min before a meal showed highest therapeutic efficacy in lowering postprandial hyperglycemia [11] .
Table 1 Overview of areas and focus of recent review articles about diabetes dyslipidemia and the corresponding focus area for each review is given

Area Focus References
Pathophysiology No specific focus/general Besseling and Hutten [153] , Cederberg et al. [154] , Checade et al. [155] , Feingold and Grunfeld [156] , Jaiswal et al. [157] , Ng [158] , Soran et al. [159] , Schofield et al. [160] , Verges [161] , Wang et al. [162] , Wu and Parhofer [2] Intestine Arca [163] , Tomkin and Owens [164] Liver Arca et al. [165] , Perry et al. [166] , Taskinen and Boren [167] Relation IR and lipids -Pagidipati et al. [168] , Parhofer [169] , Patel et al. [170] , Perry et al. [166] CV risk -Wang et al. [162] Pharmacotherapy/treatment Treatment of dyslipidemia Cederberg et al. [154] , Checade et al. [155] , Dake and Sora [171] , Halcox and Misra [172] , Ng [158] , Paneni and Cosentino [173] , Schofield et al. [160] , Szalat et al. [174] , Wu and Parhofer [2] Effects drugs on lipid and glucose metabolism
Ferrannini and DeFronzo [175] , Soran et al. [159] Complications -Balakumar [176] , Chen and Tseng [177] , Leon and Maddox [178] , Paneni et al. [179] 
Chemical characteristics
Metformin hydrochloride has a molecular weight of 165.6 g/mol and contains 4 hydrogen bond donors and 1 hydrogen bond acceptor. There is only a limited understanding of the physicochemical properties of metformin in solvent [12] . Metformin hydrochloride shows two distinct pKa values referring to different protonated forms of metformin (Table 3 ). The pKa values were reported as 2.8 and 11.6 [13] , but using a more accurate pH determination as 3.1 and 13.8 [14] .
Intracellular localization
As is evident from Table 3 , metformin is present for over 99% in the monoprotonated form in all tissues of the body except the stomach. The charge on the molecule precludes passive diffusion across lipid bilayers. To be able to evaluate the interaction of metformin with its putative targets it is important to know the intracellular and intraorganellar concentration. However, these data are difficult to obtain because of the difficulties in subfractionation of the cell in its different compartments (cytoplasm, mitochondria, nucleus, etc.). The sparse data reported, indicate that metformin is mostly distributed in the cytosolic fraction (~ 70%) of rat hepatocytes compared to mixed membranes (12%), nucleus (~ 5%), and mitochondrial and lysosomal fractions (8%) [15] . A low binding affinity of metformin to mitochondrial membranes was seen, perhaps because of the two methyl groups of metformin [15] , but perhaps also due to the used fractionation technique [16] . However, the mitochondrial membrane potential may promote entry to the positively charged metformin [17] , which will then concentrate inside the negatively charged mitochondria [18] . Modelling of the metformin distribution and validation confirmed the presence of high concentrations of the drug in the mitochondria and the endoplasmic reticulum (ER), dependent on the membrane potential [19] .
Distribution of metformin concentrations over organs, tissues, and plasma
Metformin is able to (in)directly interact with many enzymes [e.g. mitochondrial electron transport chain complex I, AMPK, glycerol 3-phosphate dehydrogenase (mGPD)], which lead to a large diversity of possible effects of the drug. When scrutinizing literature on metformin effects, one needs to consider that in many studies supraphysiological concentrations of metformin were used [20] . The reported cellular sites of actions and effects thus may not reflect the in vivo situation when metformin is given to T2DM patients. Normally, the therapeutic window of metformin in plasma is between 1 and 50 μM [21] . Table 4 presents an overview of metformin concentrations as observed in vivo in organs/tissues of humans, mice, and rats upon administration of doses that lie in the range of therapeutic applications in humans. Accumulation of metformin occurs majorly in the intestine, but also in the stomach, liver, kidney and to a lesser extent in muscle. The accumulation of metformin in intestine and stomach is not surprising in view of the fact that these organs are most exposed to high concentrations of metformin. A recent radiotracer study confirmed the high metformin levels in these organs [22] . These concentrations are at least tenfold higher than metformin concentrations in the liver, indicating that the intestine is Table 3 Percentage of fractional ionization of metformin after oral administration in different organs/tissues calculated using the Henderson-Hasselbalch equation
The pH in the different organs/tissues/plasma leads to different forms of metformin. Neutral metformin, which is a base, will only be dominant at very high pH. The monoprotonated conversion of metformin with a stabilized cation (equally distribution between the nitrogen atoms) occurs in a neutral environment (pH ≈ 7 probably an important site of action. In fact, the effects of metformin in the intestine may be rather different than the effects in the liver. For the purpose of this review, we will concentrate on the organs considered to be most relevant for interaction of metformin with glucose and lipid metabolism, i.e. the intestine because of the high metformin concentrations, the liver because of the organ's central role in linking glucose and lipid metabolism, and the pancreatic β cells which secrete insulin and play a key role in the regulation of glucose metabolism. Since metformin concentrations differ between intestine, liver and β cells, different organspecific effects may be expected.
Intestinal absorption
After oral administration, metformin is transported in the small intestine across the apical membrane into the enterocytes via several transporter proteins, of which the plasma monoamine transporter (PMAT; SLC29A4), organic cation transporter 1 (OCT1; SLC22A1) and serotonin transporter (SERT; SLC6A4) are considered to be the most likely candidates [23, 24] . Metformin is also a substrate for the thiamine transporter THTR-2 (SLC19A3), with a K m value of 1.15 mM [25] . This binding affinity is comparable with the K m of PMAT (1.32 mM) for metformin [26] . THTR-2 is highly expressed in the intestine, and primarily transports vitamin B1. Polymorphism in the human OCT1 gene has been reported and could cause a reduced transport of metformin leading to the development of metformin intolerance [27] . In Caco-2 cells there is no evidence for a role of apical organic cation transporter 3 (OCT3; SLC22A3) in the uptake of metformin [23] . Transporters mediating metformin efflux from the enterocytes have not been unequivocally identified. The OCT1 has been suggested, but it is not clear whether this transporter could have a dual localization both at the apical and basolateral membrane of the enterocytes [20, 28] . The recently published "sponge" hypothesis, based on experiments on caco-2 cells, suggests that there is no carrier mediated transport to the bloodstream. Rather, metformin accumulates in the cell until the luminal concentration is less than the concentration in the enterocytes, whereupon-it is pumped/leaking out back into the lumen and will travel via paracellular transport to the blood or will be taken up again by cells [29] . This hypothesis has been partly confirmed in experiments with C 11 -labeled metformin followed by positron emission tomography. These experiments revealed a low capacity of basolateral membrane transport activity in humans resulting indeed in accumulation in the cell when there was a higher concentration of metformin in the lumen compared to in the cell [22] .
Mechanisms of metformin action in the intestine
The concentration of metformin in human jejunum has been shown to be 30-to 300-fold greater than in plasma (Table 4) , again demonstrating accumulation of metformin in the intestinal mucosa [30] . Because of this remarkably high concentration it seems logical to assume that all known metformin targets present in enterocytes are addressed.
To simplify, we grouped the resulting effects into: decreased lipoprotein synthesis, neural reduction of endogenous glucose production, and increased glucagonlike peptide-1 (GLP-1) production.
Decreased lipoprotein synthesis
Dysregulation of intestinal lipoprotein metabolism is often seen in T2DM patients [31] [32] [33] . The high concentrations of insulin found in T2DM patients may be responsible for this phenomenon [34] . Lipogenic gene expression, involved in de novo lipogenesis, is regulated by the sterol regulatory element-binding protein1c (SREBP-1c), which is highly expressed in the upper villus of the jejunum and ileum [35] . SREBP-1c in the intestine is positively regulated by insulin and negatively by AMPK, and is able to upregulate enzymes, such as acetyl-CoA carboxylase (ACC1) and fatty acid synthase (FAS), which are involved in denovo fatty acid synthesis [36, 37] . Metformin (2300 mg/day) is able to decrease intestine-derived TG-rich lipoproteins measured in plasma (~ − 50% chylomicrons and ~ − 20% chylomicron remnant lipoprotein fractions) in T2DM patients [34] . Figure 1 shows the possible cellular targets of metformin in enterocytes based on the literature discussed here. Metformin treatment of morbidly obese T2DM patients induced a small decrease in mRNA expression of SREBP1c, ACC1, and apo A-IV (involved in the secretion of chylomicrons), leading to a slightly improved intestinal lipid homeostasis [33] . Insulin positively regulates synthesis of intestinal apo A-IV as well as secretion [38] , which may cause an increase of this protein at the high insulin levels in the presence of insulin resistance. Experiments in animal models confirmed the possible interaction of metformin with proteins and enzymes involved in triglyceride and apo B synthesis.
In addition to the effects discussed above, a decreased chylomicron concentration could also be caused by an elevated GLP-1 concentration in the intestine (induced by metformin; see "Increased GLP-1 production") by reducing apo B-48, the triglyceride availability, and chylomicron secretion [39, 40] , although this is not considered in [33] [34] [35] 41] .
Summarizing, metformin treatment impacts importantly on lipoprotein synthesis in the intestine, but the molecular mechanism is not yet fully clear and requires further investigation.
Neuronal reduction of EGP
The liver and kidneys are the major organs responsible for gluconeogenesis from amino acids or glycerol. However, pioneering work of the group of Mithieux showed that also the human small intestine expresses considerable activity of the gluconeogenic gene [glucose 6-phosphatase (G6Pase)], and may therefore contribute to endogenous glucose production (EGP) [42] . Intestinal gluconeogenesis may play a role in the gut-brain axis. In the post absorptive state, amino acids from the meal are used as a substrate for intestinal gluconeogenesis. This glucose enters the portal vein, where it binds to the sodium-glucose cotransporter 3 (SGLT3). This transporter is activated and signals to the hypothalamus in the brain which indicates the liver to decrease hepatic glucose production [43] . Basal intestinal gluconeogenesis may contribute 5-7% (standard meal) or 20-25% (protein-enriched meal) of total EGP [44] in mice. Whether these estimates can be translated to the human situation is not clear yet.
The question arises whether metformin interacts with intestinal gluconeogenesis. Activities of key enzymes [e.g. phosphoenolpyruvate carboxykinase (PEPCK), hexokinase] contributing to small intestine glucose metabolism were not affected during one-week metformin treatment (50 mg/kg/day) in high-fat fed rats [45] . Yet, intestinal glucose uptake and intestinal glucose release were increased, and the overall endogenous glucose production was decreased compared to controls (Fig. 2) . Another study showed that metformin treatment induces alterations in the gut microbiome in T2DM patients [46] . This has been reported to increase butyrate and propionate production, possibly via modification of the host lipid absorption [46, 47] , which may then support intestinal gluconeogenesis [46] .
The last few years, the small intestine has come into view as the prime target of metformin. Experiments with infusion of the drug in the proximal small intestine (50 or 200 mg/kg; 50 min), of obese and diabetic rats [48] indicated that the hepatic glucose production decreased via an AMPK-GLP-1 receptor (GLPR)-protein kinase A (PKA)-dependent neuronal route. The heterotrimer AMPK is a serine/threonine kinase constituted from a catalytic α-subunit and regulatory β-and γ-subunits. The protein plays and important regulatory role in cellular energy metabolism [49] . Several pharmacological compounds (e.g. metformin), natural compounds (rooibos, berberine), hormones (adiponectin, leptin, IL-6), and physiological processes (exercise, fasting, caloric restriction) activate AMPK activity [50] . Activated AMPK has pleiotropic effects on energy metabolism improving insulin resistance and diabetes type 2 [51] . In the proposed intestinal-neuronal pathway, metformin activated intestinal AMPK which interacts with the GLPR and PKA, leading to stimulation of a neuronal signal via the nervus vagus to the brain. According to this hypothetical route in the brain, the N-methyl-d-aspartate (NMDA) receptors located in the nucleus tractus solitarius (contribute to autonomic regulation) receive this neuronal signal, and react by sending a signal via the hepatic vagus to the liver where it decreases hepatic EGP. Additionally, it was hypothesised that metformins glucose lowering effects on short term (i.e. first drop in glucose concentration after a meal) might be related to intestinal processes, while long-term effects might be dedicated to hepatic processes [48] .
Increased GLP-1 production
Production of GLP-1 occurs mainly in the enteroendocrine L cells located mostly in the distal part of the small intestine and in the colon, while it can also be released by α-cells from the pancreas [52] . The regulation of GLP-1 production is complex and involves a combination of nutrient, hormonal and neural stimuli [53] . Increased fasting total and active GLP-1 as well as circulating total GLP-1 concentrations have been measured in obese (T2DM) patients on metformin treatment [54] [55] [56] , Different mechanisms have been proposed to explain this increase [57] . An AMPKdependent pathway, an AMPK-independent pathway, and a bile acid mediated pathway, have been proposed to explain the effects of metformin on GLP-1 secretion (Fig. 3) as discussed below.
Several studies have suggested mechanisms responsible for the increased GLP-1 secretion observed during metformin treatment in which AMPK plays a prominent role [48] . In the human small intestine, AMPK is present in the apical part of the small intestine, mainly at the lumen villus absorptive cells (i.e. below brush border and in stromal cells) and fulfils important functions in metabolic pathways, leading to favourable effects during metformin treatment [41] . Whereas in rats on metformin treatment (50 or 200 mg/kg) the need of duodenal AMPK in order to activate GLPR was confirmed [48] . Non-AMPK dependent pathways Other non-AMPK dependent pathways exist, for instance, it is argued in [58] that effects on GLP-1 production by metformin (1 mM in NCI-H716 human intestinal cells and/or 12.5 mg/kg body weight in mice) were not mediated through AMPK signalling. Instead, [58] demonstrated that increased expression of precursors of GLP-1 on L-cells is regulated through increased glucose entering in the cell via SGLT1 located in the brush border membrane of the lumen. Increased glucose uptake by SGLT1 was a consequence of an increased expression of SGLT1. Genes involved in glycolysis/TCA cycle/electron regulation cause closing of the K + channel and opening of the Ca 2+ channel. The increased Ca 2+ flux activates the calcium-calmodulin dependent kinase 2 (CAMK2) and cAMP response element binding protein (CREB) resulting in the activation of the insulin signalling pathway [insulin receptor substrate 2 (IRS2), phosphoinositide 3 kinase (PI3K), and protein kinase B (AKT)], and consequently inhibition of glycogen synthase kinase 3 (GSK-3b). This causes b-catenin, a protein involved in transduction of signals to the nucleus, to move to the nucleus where it merges with transcription factor 7-like 2 (TCF4L2), leading to an increased proglucagon activity (a precursor of GLP-1), and GLP-1 production [58] . However, in a different study only a slightly increased expression of b-catenin and no effect on the expression of TCF7L2 was observed in the nucleus of NCI-H716 human intestinal cells during metformin treatment (1 mM) [59] . The precursors of GLP-1, proglucagon and prohormone convertase 3 were also upregulated in this study, causing elevated secretion of GLP-1 [59] . GLPR on the afferent vagus nerve triggers a gut-brain-liver network, which may decrease the hepatic glucose production [48] . Metformin might also indirectly act on GLP-1 secretion via the modulation of bile acids in the intestine, for which [55] summarized two potential mechanisms. Firstly, metformin inhibits the intestinal apical sodium-dependent bile acid transporter (ASBT), causing bile acids (BA) to accumulate in the intestinal lumen. Therefore, the apical G protein-coupled bile acid receptor 1 (TGR5) is stimulated which will cause an increased secretion of GLP-1. Secondly, because of the inhibition of ASBT the concentration of BA in the illeoocyte will decrease, resulting in decreased activation of the nuclear farnesoid X receptor (FXR). Lack of FXR activation results in inhibition of the glycolytic pathway and activates the expression of proglucagon and intracellular ATP, leading to increased GLP-1 production and secretion [60] .
Metformin decreases bile acid concentration in enterocytes and modulates the gut microbiota
The concentration of bile acids in the intestine is the result of multiple processes involved in the enterohepatic circulation (~ 6 times daily) that consists of: release of bile by the hepatocytes into the bile canaliculi, the storage of bile in the gall bladder where it is concentrated, release of bile after consuming a meal, flux of bile into the duodenum, the reabsorption of bile acids by the sodium-dependent intestinal ASBT, passive diffusion mechanisms to the portal vein, and the reuptake by hepatocytes.
Hepatobiliary transport (transport from the sinusoid to the bile) of metformin in humans, rats and mice, is negligible indicating that uptake of metformin in the small intestine occurs only by a first pass mechanism [22, 61, 62] . Metformin (> 1000 mg/day) is able to inhibit bile acid absorption in the intestine, leading to a decreased serum bile acid concentration [55] and an increased faecal bile acid excretion in T2DM patients [63] . The altered metabolism of bile acids by metformin may also be the reason why metformin influences the composition of the gut microbiome. This has developed into an important subject of research after high throughput sequencing platforms became available, and altered metabolic functions/ composition of the microbiota were observed in obese/ diabetic patients [64] . The gut microbiome composition is associated with dyslipidemia and insulin resistance [65] . Since the gut bacteria are important in bile acid metabolism and thereby may influence host metabolism via the nuclear hormone receptor FXR and TGR5 signalling pathways [66] part of the metformin effects on host metabolism may be secondary via this route. Recently, the effects of metformin on the gut microbiota composition in T2DM patients were investigated [67] . The composition was changed, including an increased abundance of Akkermansia muciniphila (related to metabolic health [68] ) and multiple bacteria involved in the shortchain fatty acid (i.e. butyrate, propionate) production. De la Cuesta-Zuluaga et al. suggest that the improved metabolic health is associated with a stronger intestinal mucosal barrier caused by the affected bacteria [67] . Diversity of the microbiota may also contribute to the different observations seen in T2DM treated with metformin [69] . The effect of metformin on gut microbiota composition was confirmed in a recent randomised controlled trial in T2DM patients [47] . Transplantation of fecal microbiota derived from metformin-treated subjects to germ-free mice improved glucose tolerance compared to mice that received fecal microbiota from placebo-treated controls. This indicates that changes in gut microbiota induced by metformin treatment mediate part of the beneficial effects of this drug on glucose homeostasis [47] . Alterations in bile acid metabolism may partly explain the effects.
Mechanisms of metformins action in the liver
Metformin navigates to the liver via the portal vein and is taken up predominantly by OCT1 [70] as well as by THTR-2 [25] . The main mechanisms of metformin involved in decreasing the endogenous glucose production and plasma glucose have all been extensively and critically reviewed elsewhere [71] [72] [73] . In this review, the effects of metformin on the lipid metabolism are highlighted, thereby creating a special focus on the effects on lipids related to the activation of AMPK by metformin. Figure 4 shows the specific interactions of metformin resulting in an improved lipid metabolism.
AMPK-dependent metformin effects on HMG-CoA reductase
Metformin activated AMPK is able to modulate cholesterol synthesis as well. Phosphorylation of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR) will decrease cholesterol biosynthesis [74] . Besides the phosphorylation of the protein downregulated mRNA levels (≈ 70%) of HMGCR and HMG-CoA synthase (HMGCS) were detected in rat FaO hepatoma cells treated with 2*10 −3 and 5*10 −3 M metformin [75] . This drastic decrease was, however, not observed when metformin was administered in a lower more physiological relevant concentration (1*10 −3 M). Treatment of rat primary hepatocytes with metformin (0.5-5*10 −4 M) induced inhibition of HMGCR and HMGCS mRNA expression [76] . A not significant decrease of HMGCR activity of human cultured fibroblast was observed with metformin treatment (4226 ± 413, no metformin vs. 4082 ± 396 pmol/h per mg, 5*10 −5 M metformin) [77] . In another study, the cholesterol biosynthesis rate from [ [78] . This indicates that metformin is able to slightly inhibit macrophage HMGCR, even though relatively high concentrations were chosen. Metformin treatment of mice decreased both triglyceride (~ − 35%) and LDL-C (~ − 30%) concentrations in plasma [79] . Interestingly, a study in 1983 showed the differences of HMGCR in the liver and intestine of diabetic rats before and after 250 mg/kg metformin treatment [80] . Hepatic HMGCR was not affected by metformin treatment, while intestinal HMGCR showed a decrease in activity of ~ 62%. The Acyl-CoA cholesterol acyltransferase (ACAT) involved in the catalysis of cholesterol esters showed as well decreased activity (~ − 35%). This cholesterol lowering effect in the intestine may lead to beneficial effects on cholesterol metabolism, and further supports the hypothesis that the intestine is an important target organ of metformin. In a nutshell, metformins action on HMGCR is weak in hepatocytes, and it is plausible that other pathways are involved in achieving the lipid lowering effects of metformin.
Other mechanisms of metformin effecting the lipid metabolism
Metformin shows beneficial effects on the glucose and lipid metabolism [81] , even though the pathways and the corresponding strengths are not fully understood. Part of the variation in metformin efficacy may be due to the presence of responders and non-responders to metformin treatment [82, 83] , racial and ethnic background [84] , and personal variation in the adaptation of metformin treatment. In the literature, different pathways are suggested that could contribute to the positive effects of the drug the lipid metabolism (Fig. 4) .
A pathway inducing reduction of LDL cholesterol has been proposed by Sonne et al. [85] and is as follows. Inhibition of the intestinal absorption of bile acids by metformin causes an increased synthesis of bile acids in the liver, and cholesterol is used for this process [86] , thereby causing a decreased amount of cholesterol in the hepatocytes. Upregulation of the LDL-C receptor may increase the uptake of lipoproteins, to restore a sufficient level of cholesterol in the liver. Hereby, the LDL-C concentration and plasma total cholesterol concentrations may indirectly decrease by the action of metformin. However, it should be noted that this mechanism could account for only marginal effects. Major increases in bile acid excretion induced by treatment of hyperlipidemic patients with the bile acid sequestrant cholestyramine for 7 years showed only a 13 and 20% decrease in plasma total cholesterol and LDL-C levels [87] .
An interesting hypothesis of anti-atherosclerotic activity by metformin was introduced [88] . It was found that metformin increased expression of the fibroblast growth factor (FGF21) in hepatocytes, likely by the activation of AMPK [89] , thereby stimulating expression of adenosine triphosphate binding cassette (ABC) transporters A1 and G1. This may increase cholesterol efflux from macrophages and decrease development of atherosclerotic plaques [88] . FGF21 is an important metabolic regulator, which may serve as a protection response against glucose-lipid disorders. The effects of metformin on FGF21 need further investigation, since it was reported that plasma FGF21 levels in humans with T2DM [90] are decreased after metformin treatment (opposite to the description in the hypothesis).
Another alternative pathway via which metformin may influence lipid metabolism in T2DM patients was proposed in [91] . Metformin induced activation of AMPK in the liver inhibited the SREBP-1c. The SREBP-1c gene was also found to be downregulated by metformin in another study [79] . This downregulation activated fatty Fig. 4 Summary of the effects of metformin in the liver that cause an overall improved lipid metabolism by reducing triglycerides, LDL-C, and total cholesterol acid desaturase 1(FADS1) and FADS2, which reduced arachidonic acid levels [92] . This reduction may cause increased membrane fluidity, thereby increasing LDL-Creceptor recycling and a reduction in the LDL-C levels [92] .
Downregulation of SREBP1c affects many lipogenic genes. The acetyl-CoA carboxylase (ACC), catalysing the malonyl-CoA biosynthesis, was inhibited by AMPK during metformin exposure (0.5, 1, 2 mM; 27 h) in human hepatoma HepG2 cells [93] , leading to a reduced amount of triglycerides. The gene fatty acid synthase (FASN) and SREBP-1C were also downregulated [75] . This indicates that the lipogenesis pathway may also be affected by metformin resulting in decreased fatty acids and triglycerides. Figure 4 Summary of the effects of metformin in the liver that cause an overall improved lipid metabolism by reducing triglycerides, LDL-C, and total cholesterol.
(In)-direct effects of metformin on β cells
Clearly a decreased β cell mass is an important factor in the development of T2DM. Gluco-and lipotoxicity (high glucose and FFA) induce damaging effects on β cells (e.g. decreased insulin secretion and β cell mass) [94] . It is therefore of interest to consider possible beneficial effects of metformin on β cell function. Research in this field is growing.
The enzymes lipase and amylase are secreted by the pancreas and are often measured to monitor the condition of the pancreas. There were no changes observed in lipase, amylase, and the pancreas volume when metformin (1950 mg/day) was given to T2DM patients for 24 weeks [95] suggesting that metformin does not repair damaged β cells. In this study, the product of dynamic, static and total β cell responsiveness and insulin sensitivity, also called the disposition indices (DI d , DI s , and DI totOB ) calculated by an oral minimal model [96] , showed that metformin (1000-1500 mg twice daily) for 2 weeks caused a significant increase in DI d , DI s , and DI totOB , a decreased homeostasis model assessment of insulin resistance (HOMA-IR), and an increased insulin sensitivity, majorly whole-body insulin sensitivity [97] . In contrast, another study showed no significant changes, which may perhaps occur because of the different personalized responses to metformin resulting in high standard errors [95] . The β cell responsivity was not altered in both studies and it was also suggested that metformin gives a more robust response to a highfat mixed meal. This is also confirmed when treatment of metformin (1.45*10 −5 M) showed to prevent damaging effects when human pancreatic islets were incubated with FFAs by restoring the insulin secretion dynamics [98] . Summarizing, metformin showed to increase the insulin sensitivity, but not β cell function.
Metformin was reported to exert beneficial effects in INS-1E cells (cell line which displays characteristics of the β cell). When these cells were exposed to 0.5 mM metformin for 24 h an increase in AMPK phosphorylation, a 30% reduction of SREBP-1C protein expression, a 80% increase of GLPR protein levels, and increased insulin promoter factor 1 (PDX-1) protein levels were observed [99] . The increase in AMPK phosphorylation may suppress c-jun N-terminal kinase (JNK) and p38 MAPK, resulting in reduced β cell apoptosis (2*10 −3 M metformin INS-1E cells) [100] . However, in another study, metformin showed no effects on β cell survival nor β cell death in INS-1 cells, and it was found that GLP-1 (through a PKA and PI3K pathway) is able to reduce apoptosis [101] . As discussed previously, metformin treatment showed increased GLP-1 levels from the intestine, and this may explain the finding in the β cells.
Metformin treatment may also effect the compound nitric oxide (NO) and NO synthase (NOS) system, which play a significant role in β cell functioning and viability [102] . There is the neuronal constitutive NO synthase (ncNOS) which is associated with the mitochondria and insulin secretory granules, while inducible NOS (iNOS) located in the cytoplasm contributes to β cell failure during gluco-and lipotoxicity [102, 103] . Metformin (20*10 −3 M) treatment had no effect on the NO-NOS system and insulin secretion in human and murine islets incubated at 7 mM glucose for 60 min [104] . However, metformin showed significant reduced ncNOS, iNOS, and total NOS activities, and slightly increased insulin secretion when the islets were incubated at 20 mM glucose for 60 min [104] . Metformin (0.5*10 −3 M) prevents glycogen accumulation in INS-1 cells incubated with 25 mM glucose [105] .
Summarizing, the available literature suggests that metformin ameliorates the damaging effects of high glucose and FFA in β cells, and that the NO-NOS system may play a role in regulating the insulin secretion. Studies to investigate the effects of metformin on β cells in more detail are ongoing [106] .
Potential mechanisms by which lipid lowering statins may affect glucose metabolism
Introduction
Statins are a class of drugs that decrease plasma cholesterol levels and are prescribed as first choice to patients suffering from cardiovascular disease [107] . Simvastatin and atorvastatin are often given as a first choice to patients with cardiovascular risk factors/cardiovascular disease. Low dose (20 mg/day) atorvastatin therapy given to patients with myocardial infarction showed improved lipid, adipokine, and pro-inflammatory markers and decreased insulin resistance while higher dose (40 mg/ day) of atorvastatin showed hyperglycemia, increased leptin levels and ghrelin deficiency [108, 109] . A metaanalysis observed that both intensive and non-intensive statin therapy may negatively influence glucose metabolism resulting in around 9% increased risk of developing new onset T2DM [110] . Recently, it was discovered that the reduction in LDL-C by statins is an important indicator of increased T2DM risk [111] . A LDL-C reduction between 30 and 40% induced a 13% increased risk of incident diabetes, the risk increasing to 29% with a 40-50% LDL-C reduction [111] . Genetic factors and/or age-related factors could as well lead to the development of T2DM during statin treatment.
In this review, the focus is to investigate the effects of statins on glucose metabolism. We focus on liver and pancreas because of their important role in glucose metabolism. However, statins may also act their worsening effect on glycemic control via other organs (intestine) and tissues (muscle and adipose tissue).
Effects of statins on the endogenous glucose production in the liver
Several mechanisms possibly involved in the effect of statins on glucose metabolism are summarized below and in Fig. 5 .
A proposed statin signalling pathway that stimulates EGP by activation of gluconeogenic genes was discovered in human liver cells [112] . Statin activates the pregnane X receptor (PXR) in the cytoplasm. PXR exerts a number of functions, such as the stimulation of the expression of proteins involved in removal of xenobiotics, and regulation of hepatic glucose and lipid metabolism [113] . PXR binds to the serum/glucocorticoid regulated kinase 2 (SGK2) which stimulates dephosphorylation of protein phosphatase 2CA (PP2CA) [112] . As a result, PXR together with the dephosphorylated SGK2 move to the region where gluconeogenic genes are located in the nucleus. These regions are called the PXR-SGK2 response elements (PSRE) and an insulin response sequence region (IRS). PXR, SGK2 together with the nuclear retinoid X receptor (RXR) bind to these regions and thereby activate PEPCK1 and G6Pase [112] . This may result in an activation of EGP. Additionally, increased expression of PEPCK1 and G6Pase is observed through activation of an autophagic flux. Autophagy is a regulated destructive process of cellular elements and is upregulated for example during starvation, ER stress, or intracellular stress [114] . Contradictory results were found in a different study, where neither PEPCK1, G6Pase, nor EGP were affected in HepG2 cells treated with atorvastatin (1 and 10 μM) [115] .
In vivo experiments investigating the effects of statin treatment on glucose metabolism in T2DM patients showed no remarkable effects on EGP. Basal EGP in T2DM patients treated with atorvastatin (10 mg; 12 weeks) [116] or simvastatin (80 mg/day; 8 weeks) [117] showed no changes. However, the EGP measured during clamp (isoglycaemic hyperinsulinaemic) conditions after 12 weeks of statin treatment was slightly increased compared with the baseline value in [116] , but not in [117] .
Summarizing, an increase of EGP induced by statins is not obvious from the above-mentioned studies performed in statin-treated T2DM patients, while it is observed in in vitro experiments. Therefore, it may be that the effects of statins on EGP are minor.
Effects of statins in the β cell
In the literature, many statin-effected processes are described that may contribute to a decreased insulin secretion in the β cell, possibly contributing to the progress of T2DM (Fig. 6) . One of these directly affected processes are the upregulation of LDL-C receptor seen upon inhibition of HMG-CoA reductase, which results in increased uptake of plasma LDL-C into the β cell [118] . The increased amount of cholesterol within the cell causes interference with translocation of glucokinase, to the mitochondria [119] . A decreased glucose transporter (GLUT2) expression level was observed in simvastatin treated mouse MIN6 cells which resulted in a reduction of ATP levels, inhibition of the K ATP channel closure, membrane depolarization and calcium channel opening all leading to reduced insulin secretion [120] . The ATP-binding cassette transporter ABCA1 could also play an important role since a relation was discovered between ABCA1 deficiency and an impaired insulin secretion in the β cell [121] . Inhibition of the ATP-dependent potassium channel, depolarization and the decreased influx of calcium, and intracellular calcium concentrations were observed and were related to a decreased insulin secretion [122] . However, intracellular calcium levels were not affected in an ex vivo study wherein intact single-islets were treated with simvastatin [123] .
Mouse MIN6 β cells treated with simvastatin (14.3 μM) showed inhibition of GPR40 (fatty acid receptor), and minor inhibition of GLP-1 resulting in a cascade of reactions leading to a decreased insulin secretion [122] . Atorvastatin treatment of rat INS-1 β cells induced inhibition of insulin synthesis by inhibiting farnesyl pyrophosphate ester (FPP, an intermediate in mevalonate and non-mevalonate pathways), which may inhibit a chain of proteins that communicates signals from the receptor to the nucleus and is called the Ras pathway (Ras/Raf/ERK/ CREB) [124] . Inhibition of this pathway leads to inhibition of promoter activity of the insulin gene and to a decrease of insulin secretion [124] . Insulin secretion may also be impaired via direct statin induced inhibition of mitochondrial oxidative phosphorylation at complex III [125] . The resulting decrease in ATP synthesis may induce inhibition of insulin secretion via the cascade described above.
An interesting observation is that simvastatin treatment (40 mg/day; 6 weeks) in 148 patients resulted in a decreased β cell function (53%) and an increased insulin resistance (54%) [126] . One of the mechanisms of an increased insulin resistance could be the effect on the glucose transporter GLUT-4 located in adipose tissue and muscle. Atorvastatin treatment was shown to reduce the surface expression of GLUT-4 in mice adipocytes by inhibiting isoprenylation via inhibition of the mevalonate pathway [127] . Mevalonate is an important intermediate in cholesterol synthesis and hence also for the synthesis of isoprenoid intermediates (Ras and Rho proteins important in cell proliferation). These are involved in intracellular mobilization and localization of proteins. Statin treatment may cause inactivation of Ras and Rho molecules so that activation and membrane translocalization of GLUT-4 is inhibited. Experiments in mouse adipocytes confirmed that GLUT-4 located on the plasma membrane moved to the cytosol during atorvastatin treatment [128] . This may result in an increased insulin resistance.
In conclusion, statin treatment may lead to a decreased insulin secretion in the β cell via several mechanisms. However, these effects are up to now mainly seen in (animal) in vitro studies and so it remains elusive whether these results can be translated to humans. In addition, it should also be kept in mind that 10 years of statin [129] , and BMI is linked to insulin resistance which is an important factor in developing T2DM. It is not clear whether the patients that developed T2DM on statin treatment increased their BMI excessively. This is in contrast with metformin. Metformin treated mice showed a decreased weight gain which was related to the increased energy consuming conversion of glucose to lactate in the intestinal wall [130] .
Metformin-statin combination therapy
In diabetic rats (200-220 g) it was shown that after 2 weeks metformin-atorvastatin combination therapy (500 mg metformin and 20 mg atorvastatin per 70 kg body weight), glucose-lowering effects, lipid-lowering effects, reduction of oxidative stress, and positive effects on cardiovascular hypertrophy occurred [131] . The reduction of oxidative stress and protection of the liver (observed by studying the liver histology and blood measurement, e.g. CRP, TNF-α, IL-6, protein carbonyl levels) was also seen in T2DM rats treated with metformin and atorvastatin [132, 133] . These positive effects and the fact that a great number of patients are treated with Metformin-statin combination therapy led to the design of a metformin-atorvastatin combination tablet used as a single daily dose [134, 135] . There is only a minor chance for toxic drug interactions when metformin and statin are administered together because metformin is not metabolised and most statins are metabolised via the cytochrome P450 system [136] .
Patients with T2DM are often taking metformin and statins together to control CVD risk as well as glucose metabolism [82] . Since metformin shows beneficial effects on both dyslipidemia and glycemic control and has been shown to reduce CVD risk while statins may have an added beneficial effect on CVD risk, combined treatment with both drugs seems a good option. As far as we have been able to discern no randomised clinical trials have been carried out to establish whether combination therapy is superior to monotherapy when focusing on CVD risk. Ethical considerations maybe prohibitive in this respect but perhaps subgroup analysis in ongoing studies such as the DDPOS may provide an answer. Studies aiming at optimal dosing of both drugs have not been performed. Clinical studies on the effects of metformin and statin combination therapy have been carried out but for different purposes [82, [137] [138] [139] [140] [141] [142] [143] . Each of these studies had different objectives and included different patients groups, i.e. either with T2DM, dyslipidemia, treated (different doses), untreated, or newly diagnosed T2DM. This precludes comparing these studies to arrive at overall results of metformin statin combination therapy. Table 5 shows the glucose and lipid parameters after different doses combination therapy in mixed groups of patients (impaired fasting glucose (IFG)/dyslipidemia/ T2DM). These studies are now discussed briefly to obtain knowledge about the overall effects on glucose and lipid metabolism in T2DM patients with dyslipidemia (Table 5) . Surprisingly, the lowest dose of metformin (500 mg) and atorvastatin (10 mg) once daily resulted in the highest reduction of fasting plasma glucose (− 35%). Atorvastatin 20 mg showed to attenuate the glucoseand HbA1c-lowering effect in combination with 1000 and 2000 mg metformin. A high daily dose of simvastatin (40 mg) and metformin (3000 mg) resulted in an improved insulin resistance, but fasting plasma glucose decreased only by 5%, and minor changes were observed on lipid metabolism parameters, but this was probably due to the fact that metformin was given on top of simvastatin treatment. The patients in these studies had different diseased states, such as an impaired fasting glucose, dyslipidemia, newly diagnosed T2DM and/or dyslipidemia. This may complicate analysis of the obtained changes on the glucose and lipid metabolism. However, it could be used for hypothesis-generation rather than making rigid decisions, considering the lack of multiple dose dependent combination studies.
The effects of metformin on lipid homeostasis as discussed in this review article, indicate that lipid metabolism is positively affected in the intestine and liver leading to decreased plasma triglycerides, LDL-C, and total cholesterol. Metformins effects on lipid metabolism seem to be localized to the intestine. Statins mainly act on plasma cholesterol levels via activation of the LDL-receptor suggesting that combination therapy should show an additional effect on plasma lipids. However, the data in Table 5 give little indication for an added beneficial effect of both drugs on lipid parameters. Dedicated studies are required to further investigate the effects of both drugs by combination therapy in humans. Metformin has been shown to exert a significant influence on the composition of the gut microbiota. Interestingly, statins showed such effects as well, particularly in studies with mice and rats [144, 145] . Statins were able to decrease the production of butyrate which may relate to the development of new onset T2DM [144] . Atorvastatin given to hypercholesterolemic patients restored anti-inflammatory bacteria [146] .
Combination therapy with statins and metformin demonstrated beneficial effects in patients with other disease(s)/disorder(s) than T2DM and dyslipidemia. In T2DM patients with non-alcoholic fatty liver disease (NAFLD) beneficial use of combination therapy seems Table 5 and NAFLD was demonstrated [147] . Combination therapy consisting of metformin and statin treatment is frequently prescribed to women with an endocrine disorder called polycystic ovary syndrome (PCOS). PCOS increases the risk of T2DM and cardiovascular morbidity as it is associated with abnormal increased lipid levels, insulin resistance, systemic inflammation and endothelial dysfunction [148] . Meta-analysis showed that combined statin-metformin therapy in women with PCOS resulted in improved lipid and inflammation markers but it did not improve insulin sensitivity [149] . Additional studies are recommended to confirm these results. Combination therapy could also be considered for T2DM patients with diabetic retinopathy. Diabetic retinopathy (DR) is a microvascular complication of diabetes caused by hyperglycemia and hyperosmolarity. Leakage and accumulation of fluid in the macula is known as macular edema and results in severe vision loss in DR patients. The use of statins in T2DM patients and pre-existing DR showed a protective effect against development of diabetic macular edema [150] . Remarkable is that T2DM patients receiving statin therapy in combination with increased levels of cholesterol remnants and triglycerides were associated with slight decreased in left ventricular systolic function. Targeting cholesterol remnants in addition to T2DM patients receiving statins might be beneficial on cardiac function [151] . From a clinical perspective, it was shown that many patients with T2DM and CVD did not receive lipid lowering therapy while their lipid levels were not in the optimal range [152] . Increased implementation of guideline recommendations for dyslipidemic T2DM patients is therefore recommended [152] .
Conclusion
Metformin is generally thought to exert its beneficial effects on glucose metabolism mainly in the liver. In line with recent literature on the topic we conclude that the drug acts primarily in the intestine. This is due to the at least one order of magnitude higher concentrations of metformin in the intestine than in the liver. The drug is certainly not absent in the liver hence parts of its effects may be localized to this organ most probably via its effects on gluconeogenesis. To treat T2DM and its cardiovascular comorbidity combination therapy of metformins with statins seems well placed and may act as a double-sided sword particularly in the case of statins. This drug increases the risk on T2DM particularly in prediabetic subjects, and cotreatment with metformin might reduce this risk. However, this hypothesis
has not yet been systematically verified. In this review, we have investigated possible sites of interaction of metformin and statins and conclude that they act on largely parallel pathways. Statins reduce plasma cholesterol via activation of LDL-C receptor in the liver and may influence glucose homeostasis primarily by inhibition of insulin secretion in pancreatic β cells. We propose that combination therapy will ameliorate the risk of statin induced T2DM. More studies of combined Metformin-statin treatment in patients are necessary to explain the effects of different Metformin-statin doses on the glucose and lipid metabolism, in different stages of progression of diabetes and/or dyslipidemia, in more detail. 
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